In magnetic exchange force microscopy a magnetic tip is scanned over the surface of a solid and an image representing the exchange interaction recorded. Sudden changes in the image corresponding to magnetization switching can be monitored as a function of the tip-surface distance thereby giving important information about the lifetime of metastable magnetic states and how it is affected by the exchange interaction.
Magnetic states at a solid surface can be probed with atomicscale resolution using an atomic force microscope equipped with a magnetic tip. One possibility is to probe the tip-surface interaction due to the long-range magnetostatic stray field. Another possibility is to base the imaging on the short-range exchange interaction in what is referred to as magnetic exchange force microscopy (MExFM). [1] [2] [3] [4] The magnetic exchange force between a tip and a surface, possibly including an adatom or adsorbed cluster on the surface, can also be used to manipulate magnetic states. [5] [6] [7] [8] [9] Since an electrical current does not flow between the tip and the surface in an MExFM experiment, the measurements are free from Joule heating and can be made on insulating samples.
Schmidt et al. have carried out extensive MExFM experiments on an antiferromagnetically ordered Fe monolayer on a W(001) substrate. 4, 10 There, a Cr tip was intentionally brought into contact with the sample so that a magnetic Fe cluster became attached to the end of the tip. As the surface was scanned, the underlying atom on the surface alternated from having parallel (P) and antiparallel (A) ordering with respect to the Fe cluster at the tip. Occasionally, abrupt changes in the MExFM signal were observed indicating spontaneous magnetization switching in the cluster. Because of the limited laboratory time scale, transitions were observed only under specific conditions and for some of the prepared tips. The transitions occur on the time scale of the experiment from the less stable state, but the measurements cannot show whether this corresponds to P or A ordering of the magnetic moments of the cluster and the underlying surface atom. The MExFM experiment is illustrated schematically in Fig. 1 . Two different values of a magnetic state lifetime could be determined at a temperature of 8.1 K, 17 ± 3 s and 27 ± 5 s, indicating an asymmetry in the energy of the cluster depending on the orientation of the magnetic moments. The number of atoms in the Fe cluster was estimated to be between 10 and 20. 10 This estimate is, however, uncertain because it relies on assumed values of several parameters, in particular the pre-exponential factor in the Arrhenius expression and the magnetic anisotropy.
Density functional theory (DFT) calculations within the generalized gradient approximation (GGA) have been carried out to study the interaction of small Fe and Fe/Cr tips with an antiferromagnetic Fe overlayer on W(001). 11, 12 From the calculated energy difference between the two orientations of the magnetic moments of the tip as a function of distance, an absolute value could be assigned to the tip-surface distance in the experimental measurements. Calculations of the lifetime of magnetic states require, however, an evaluation of the acti-vation energy as well as the pre-exponential factor in the Arrhenius rate expression. Such calculations have not been reported previously for MExFM experiments.
In the present article, thermal stability of a magnetic cluster attached to a MExFM tip is evaluated using a non-collinear extension of the Alexander-Anderson model [13] [14] [15] [16] and comparison is made with measurements. 10 Both the pre-exponential factor and the activation energy for the thermally activated transitions are evaluated as a function of tip-surface distance, cluster size and local magnetic field. An atomic scale model is constructed and found to give excellent agreement with the measured lifetimes.
The calculations were carried out for Fe clusters with the shape of a square pyramid interacting with a layer of Fe atoms commensurate with a W(001) surface. An example system is shown in Fig. 2 where the cluster contains 30 atoms, but calculations were carried out for clusters with 5 and up to 90 atoms. The surface was represented by a total of 50 Fe atoms subject to periodic boundary conditions in the plane of the surface. The non-collinear extension of the Alexander-Anderson model was used to evaluate the energy of the magnetic system. [13] [14] [15] [16] This model has previously been used successfully to analyse, for example, remagnetization transitions of Fe clusters on the W(110) surface. 17 The energy of the d-band, E 0 , and the on-site Coulomb interaction parameter, U, were chosen to have values in between those used to represent α-Fe 18, 19 and Fe islands on W(110) 17 (those values differ only by a few percent, see ESI †). A parameter representing the interaction between d-electrons on different atoms ('hopping' parameter), and an anisotropy parameter for surface atoms, were chosen to reproduce results of DFT calculations and experimental measurements, in par-ticular the variation of the exchange energy with distance (shown in Fig. 3 ) 10 and the calculated magnetic moment of surface overlayer atoms (2.81μ B in NCAA, 2.67μ B from DFT 20 ). An anisotropy axis pointing along the surface normal and an Fig. 1 An illustration of an MExFM experiment where the magnetic moments of a cluster at the tip can change orientation when the relative orientation with respect to the underlying surface atom is unfavorable. The favorable orientation is shown here to be parallel ordering of the tip and surface atom, consistent with the results presented here using a non-collinear extension of the Alexander-Anderson model. Due to a local magnetic field, the symmetry between the two orientations is broken and two slightly different values of the lifetime obtained, τ 0 and τ 1 . Fig. 2 (a) Illustration of the simulated system when the cluster at the tip is modeled as a four layer pyramid containing 30 Fe atoms. The atoms in the antiferromagnetic Fe overlayer are shown in blue/red to indicate parallel/antiparallel ordering of the magnetic moment with respect to the cluster at the tip. The underlying W atoms are shown in grey. The atoms at the boundary of the simulation cell are shown twice for clarity (but are equivalent because of periodic boundary conditions). (b) Since the distance between the atoms in the Fe overlayer is large, they interact through the conductivity band of the W substrate. The arrows indicate the interaction between firstand second-neighbor Fe atoms. There are twice as many Fe-W-Fe paths between first neighbors than second neighbors, so the hopping parameters in the NCAA models are chosen such that anisotropy constant of 1.0 meV per atom for the tip cluster was used as was done by Schmidt et al. 10 Clusters with 5 or more atoms were found to have ferromagnetic ordering with magnetic moment per atom ranging from 2.57μ B (at the sharp end of tip) to 3.08μ B (at the base of the pyramid). A more detailed discussion of the methodology is given in the ESI. † The minimum energy paths (MEPs) for the magnetic transitions between P and A states were calculated using the geodesic nudged elastic band (GNEB) method. 21 The difference between the maximum energy along an MEP, a saddle point on the energy surface, and the initial state energy gives an estimate of the activation energy, E a . The pre-exponential factor in the Arrhenius expression for the rate constant, turns out to be slightly temperature dependent in this case because of the presence of zero modes, i.e. degrees of freedom at the saddle point for which the energy does not change. The expression for the rate constant is (see
TÞ where ν is a temperature independent factor. The method for evaluating the pre-exponential factor is an extension of the harmonic transition state theory expression for magnetic systems. 22, 23 The temperature dependence of the pre-exponential factor in the present case is connected with the existence of degrees of freedom at the transition state for which the energy does not changeso-called zero modes. The lifetime, τ, of the various magnetic states can be calculated once the pre-exponential factor and the activation energy have been determined, as an inverse of the rate constant, τ = 1/k.
Results of minimum energy path calculations for a cluster containing 30 atoms are shown in Fig. 4 . In the absence of a surface, the two magnetic states of the cluster have the same energy and the minimum energy path is symmetric. The energy barrier for transitions between the two states is calculated to be 32 meV. In the presence of the surface, both states are lowered in energy, but by a different amount. The energy of the state where the magnetic moments of the cluster atoms are pointing in the same direction as that of the underlying surface atom, the P states, is lowered more than the energy of the A state. The difference between the energy of the two represents the exchange interaction. The MExFM experiments were carried out under conditions where the exchange energy is 10 meV. 10 In the calculations this corresponds to a tipsurface distance of 4.3 Å where the P state has been lowered in energy by 33 meV, while the A state has been lowered by 23 meV (see Fig. 4 ). The energy barrier for transitions from the A state to the P state is then lower than for a free cluster, 25 meV, while the energy barrier for transitions from the P state to the A state is higher, 35 meV. As a result, the P states become more stable and only transitions from A to P states become relevant on the timescale of the experiment, as illustrated in Fig. 1 . The calculations therefore indicate that the lifetime measured in the MExFM experiments corresponds to the lifetime of the A state.
The fact that two different values of the lifetime were obtained in the MExFM experiments 10 indicates that the two A states are not of equal energy. This can be caused by a local magnetic field. The calculated results for the case where a quite large field of 0.4 T is pointing in the direction of the magnetic moments of the cluster in the A state are shown in Fig. 4 . The activation energy for the transition to the P state is increased slightly since the energy of the maximum is unchanged. The lifetime of this A state becomes correspondingly longer. The other A state, where the magnetic moments of the cluster are pointing opposite to the local field becomes less stable and the energy barrier from that A state to the P state reduced, making its lifetime shorter.
The lifetime of the various magnetic states was calculated by evaluating the pre-exponential factor in the Arrhenius expression for the rate constant, as well as the activation energy obtained from the MEPs. For an isolated cluster in the absence of a surface, the results are shown in Fig. 5 and 6 . The pre-exponential factor, ν ffiffiffi ffi T p , is found to be large and a strongly increasing function of cluster size. For a cluster of 14 atoms at a temperature of 8 K, it is on the order of 10 13 s −1 while for a 90 atom cluster it is 10 18 s −1 . The activation energy is a nearly linear function of the number of atoms in the cluster. The calculated lifetime changes dramatically with the size of the cluster, as can be seen in the inset of Fig. 5 . The lifetime of magnetic states in a cluster with ca. 20 atoms is predicted to be on the order of a second at a temperature of 8 K.
The effect of the interaction with the surface decreases the lifetime of the A states while the lifetime increases for the P states, as shown in Fig. 3 and 6 . Now, a cluster with ca. 27 atoms has A states with a lifetime on the order of a second at a temperature of 8 K, while the lifetime of the P states is on the order of 10 6 s (11 days). The presence of a local magnetic field increases the lifetime of one of the A states (cluster-up/surfacedown) and reduces the lifetime of the other (cluster-down/surface- Fig. 4 The calculated minimum energy path for the reorientation of the magnetic moments of the cluster at the tip. Dashed line is for an isolated cluster in the absence of a surface. Solid black line is for a cluster with bottom atom 4.3 Å away from the surface where the exchange energy is 10 meV, as can be seen from the energy difference between the two orientations of the magnetic moments. Solid blue line shows the effect of a local field of 0.4 T in the direction of the surface normal. The reaction coordinate is the scaled total rotation of the magnetic moments along the minimum energy path. The insets show the magnetic vectors at the two energy minima and at the saddle point. up). For a local field of 0.045 T the calculated lifetimes are in close agreement with the lifetimes reported from the MExFM experiments, 10 17 ± 3 s and 27 ± 5 s, as can be seen in Fig. 6 .
The lifetime of the metastable states varies exponentially with the size of the Fe cluster at the tip, as illustrated in Fig. 5 and 6. A major challenge in a MExFM experiment carried out on a time scale of seconds at a fixed temperature is clearly the preparation of a tip with an appropriate number of magnetic atoms. At the low temperature of 8 K, the addition of just a few Fe atoms can change the lifetime of a magnetic state by orders of magnitude. Indeed, while many tips were prepared and tested in the MExFM experiments of Schmidt and co-workers, only a small fraction of them demonstrated thermal switching of magnetization on the timescale of seconds. 4, 10 Variation of the tip-surface distance and, thereby, the magnitude of the exchange interaction also affects strongly the lifetime of the magnetic states, as illustrated in Fig. 3 , and variation in the temperature of the system could also increase the range of useful cluster tips. Measurements over a range in temperature would also allow for direct measurements of the activation energy and pre-exponential factor for the magnetic transitions and provide valuable comparison with detailed, atomic scale calculations such as the ones presented here.
The calculated pre-exponential factor and the activation energy increase strongly with the size of the magnetic cluster.
The large values obtained for the pre-exponential factor are noteworthy, but are in line with previous results obtained for Fe clusters adsorbed on a W(110) surface. 17 The increase with cluster size is likely due to the increasing number of low frequency vibrational modes at the saddle point configuration, leading to larger entropy of the transition state when many magnetic moments have been displaced during the transition. Similar effect has been seen in atomic rearrangements. 24 The increase in the activation energy with cluster size can be understood simply from the anisotropy, the barrier is essentially given by the number of atoms in the cluster times the anisotropy energy per atom, which is taken here to be 1.0 meV as has been done previously. 10 Further modeling of this system should include a careful estimation of the magnetic anisotropy of the magnetic cluster.
We obtain close agreement with the measured lifetimes of 17 ± 3 s and 27 ± 5 s with a magnetic cluster containing 27 atoms and local magnetic field of 0.045 T. This estimate of the cluster size is larger than the one given by Schmidt et al., 10-20 atoms. 10 The main reason for this difference is the large value of the pre-exponential factor we obtain from the harmonic transition state theory calculations, 10 13 s −1 at 8 K, as compared to the assumed value of 10 9 s −1 . 10 The present calculations indicate that the observed transitions are from A arrangement of the magnetic moments of tip cluster and the underlying surface atom. The states with P arrangement are found to be lower in energy. This is opposite to the assignment deduced from DFT/GGA calculations. 12 The exchange interaction between the tip and the surface affects the stability of the magnetic states via two competing contributions of different origin. 14, 25, 26 In the A state, there is repulsion between the occupied d-band of one fragment (cluster or surface overlayer) and partly occupied d-band of the other fragment. Within second order perturbation theory, the change in energy due to this interaction is ΔE A = −2 V 2 /U. 14 Here, V is the hopping matrix element between d-states localized on Fig. 5 The calculated activation energy (solid squares) and pre-exponential factor (open triangles) as a function of cluster size. Note the large, non-linear dependence of the pre-exponential factor on the size of the cluster. The calculations involve finding the minimum energy path for the transition to determine the activation energy and evaluation of the eigenvalues of the Hessian to determine the pre-exponential factor within harmonic transition state theory, extended to account for zero modes (see ESI †). Inset: Calculated lifetime of the magnetic state of an isolated pyramidal cluster as a function of cluster size, at a temperature of 8 K (no surface). The lifetime is a strong, exponential function of the cluster size. different fragments and U is the on-site Coulomb integral for d-electrons. This contribution is referred to as kinetic exchange. 13, 27 In the P state, hybridization of the occupied d-band of one fragment and the partially occupied d-band of the other fragment leads to the formation of bonding and antibonding spin orbitals and for sufficiently small interaction the energy lowering is ΔE P = −V 2 ρ F , 14 where ρ F is the density of the d-band at the Fermi level. This is referred to as the doubleexchange mechanism and is similar to the one introduced by Zener. 28 Both mechanisms, the kinetic exchange and the double-exchange mechanisms, are accounted for in the Alexander-Anderson model. A comparison of the energetics of the P and A states shows that the P state is favored if Uρ F > 2. The preference of the DFT/GGA calculations for the A state may be due to the fact that U tends to be underestimated at that level of approximation because of the self-interaction error in the GGA functionals. 29, 30 Another difference between the present NCAA calculations and the DFT/GGA calculations is that the former assumes the system is in contact with a conducting metal (here the W substrate and the Cr tip) defining the Fermi energy, while the total number of electrons is fixed in the latter. A fixed Fermi level is a better representation of the experimental system since the tip and substrate are macroscopic and contain a large number of itinerant s( p)-electrons.
Schmidt et al. also reported experimental results of measurements taken in the presence of a large applied magnetic field of 4.5 T using a different tip. 10 Again, two lifetimes of metastable states were reported, 15 ± 4 s and 45 ± 17 s. This tip appears to have been quite different from the one used in the experiments discussed above because the overall magnetic moment must have been small, less than that of a single Fe atom. Possibly, the Fe cluster on the tip was much smaller in this case and the magnetic moments arranged in an antiferromagnetic or non-collinear way so as to give a small net magnetic moment. A smaller cluster can be influenced more strongly by the presence of the supporting antiferromagnetic Cr tip. In particular, the exchange interaction between the Fe cluster and the Cr tip can be affected by the presence of the applied magnetic field, possibly leading to an exchange bias effect. 31 The argument for such a small overall magnetic moment of the cluster in the high field experiment is as follows. Assuming the saddle point energy for the A → P transitions is hardly affected by an external field because the magnetic moments are roughly perpendicular to the field, the ratio of the two lifetimes gives the relative energy of the two A states as ΔE = k B T ln (τ 1 /τ 2 ) = 0.7 ln 3 meV = 0.8 meV. Assuming this energy difference is due to the Zeeman energy ΔE = 2MB, the magnetic moment of the cluster, M, comes out to be 1.2μ B . This is smaller than the magnetic moment of a single Fe atom, which ranges from 2.2μ B in α-Fe to 3.6μ B for an isolated Fe atom. Both NCAA and DFT calculations for small, ferromagnetic clusters of Fe give values of the magnetic moment per atom within this range. A realistic model of a cluster with a total magnetic moment of 1.2μ B is more challenging than the >20 atom cluster that is consistent with the zero field experi-ments. The modeling of such a small cluster would need to take the effect of the Cr tip explicitly into account, but that is outside the scope of the present study.
The calculations presented here assume the magnetic transitions take place by over-the-barrier transitions rather than quantum mechanical tunneling. The crossover temperature for tunneling in magnetic systems has been found to be on the order of 1 K or lower for molecular magnets 32 and up to 4 K for Fe islands on a surface. 33 While the onset temperature can be estimated from the energy landscape 34 we have not carried out such calculations here since the temperature in the experiments we compare our results with is significantly higher, 8 K.
In summary, we have calculated the lifetime of magnetic states in a MExFM tip using a detailed atomic scale model and compared the results with previously reported experimental data by Schmidt et al. 10 The NCAA model is used to describe the magnetic interactions and harmonic transition state theory used to estimate the lifetime of the magnetic states. Both the pre-exponential factor and the activation energy in the Arrhenius expression for the rate of the magnetic transitions are calculated for a wide range in the size of the magnetic cluster. The pre-exponential factor is found to be large, 10 13 s −1 , for the optimal cluster size of 27 atoms and a temperature of 8 K, and grow rapidly with the number of atoms in the cluster. The calculated lifetime of the two A states in the presence of a local field of 0.045 T is in close agreement with the values obtained experimentally 10 as shown in Fig. 6 . This estimate, however, depends strongly on the value of the anisotropy parameter in the model and further analysis of this system should address this important issue, as well as the influence of the antiferromagnetic Cr tip on which the Fe cluster sits.
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